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Abstract 
This study presents a simple and fast method to determine the injectivity of saline formations. The method uses a 
database of estimates of maximum injectivity generated using a commercial compositional numerical simulator for 
different hypothetical, but representative saline formations. Several hundred cases are created by altering formation 
thickness, permeability, relative permeability, area, depth and porosity. The formation and fracture pressures are 
calculated using hydrostatic pressure and fracture pressure gradients. In order to account for multi-well injection 
effects such as pressure interference, four different injection well numbers (1, 4, 16 and 64) are used. Sets of type 
curves are generated using the database to find maximum injectivity and the required number of injection wells for 
given sets of formation properties and total injection rate. Reflecting the fact that reservoir properties are uncertain, 
we also incorporate Mont Carlo simulations to derive probability distributions of injectivity and well numbers.   
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1. Introduction  
Geological storage of carbon dioxide is one of the proposed options to reduce emissions of CO2 into 
the atmosphere. Amongst others, saline aquifers draw more attention because of their availability globally 
and because individually they often have large estimated storage capacities. According to IPCC [1], the 
global storage capacity of saline aquifers could be well over 1 trillion tonnes of CO2. A suitable saline 
formation for storing CO2 should have both injectivity and storage capacity. An accurate determination of 
CO2 injectivity is essential because it is required to estimate storage costs and storage capacity in many 
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saline formations. Storage capacity of a saline formation is constrained more by the well injectivity of 
CO2 than the pore volume of the formation. In any case, the latter is difficult to estimate. The important 
factors that control CO2 injectivity for a specific saline formation include the formation permeability, 
thickness, porosity and area, relative permeability, well interference, formation water salinity and 
formation pressure and fracture gradients. Therefore, if a high capacity saline formation is available, it is 
important to find the number of injectors required to inject the desired volume of CO2 every year. This is 
important for estimating storage costs.   
Cinar et al. [2] show that relatively large number of wells may be required to store high volumes of 
CO2 - especially in low permeability formations. This is mainly because of the pressure interference 
between injection wells. The limit on the injection pressure is the formation fracture pressure. The U.S. 
Environmental Protection Agency [3] has stipulated that the build-up pressure at the injection well should 
not exceed 90% of the fracture pressure. 
There are a number of studies presented to determine the number of injection wells required for a 
given total injection rate of CO2, including both analytical and numerical techniques [4-6]. This study 
presents a simple method to determine CO2 injectivity and hence the required number of wells for CO2 
storage in saline formations. Some type curves are generated based on numerous numerical simulations 
preliminary assessments for CO2 storage in saline formations. The method can give estimates for the 
maximum possible injection rate, the number of injection wells or for the required number of wells for 
any desired injection rate. 
2. Numerical Model 
A database of maximum injectivity is created using numerous compositional numerical simulations. 
The method assumes vertical injection wells drilled in a 3-D rectangular reservoir. Several hundred cases 
are created by altering formation thickness, permeability, area and depth. We assume constant hydrostatic 
pressure and fracture pressure gradient from which the maximum allowable injection pressure is 
calculated. Some of the parameters such as salinity and anisotropy are kept constant based on the 
assumption that their impact on CO2 injectivity would be secondary. The range of selected parameters is 
shown in Table 1. 
Table 1: Ranges of reservoir parameters used in the simulations  
Parameter Range Unit 
Permeability 1-3000 mD 
Reservoir depth 800-3500 m 
Reservoir thickness 10-400 m 
Reservoir area 100-40,000 km2 
Reservoir pressure gradient 10 MPa/km 
Fracture gradient 15 MPa/km 
Temperature gradient 30 °C/km 
Salinity 30,000 ppm 
Porosity 20 per cent 
Anisotropy (kv/kh) 0.1  
Injection period 25 years 
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In order to account for multi-well injection effects, such as pressure interference, four different 
injection well numbers are used (1, 4, 16, and 64 wells). A Square 4-spot well pattern is used for multi-
well injection. In all cases the injection area occupies 25% of the whole formation and is located at the 
centre of the formation. The surrounding grids represent the extension of the saline formation with closed 
boundary conditions. 
To minimise distorting numerical effects, the simulation grids are refined in the vicinity of the 
injection wells. In all cases, the reservoir has three identical vertical grids and the wells are perforated in 
the bottom grid. Fig. 1 shows the grid shape of different number of wells used. 
The formation is initially contains saline water into which pure CO2 is injected. The effects of brine 
drying-out on the bottom-
the relative permeability curves. The end point relative permeability of CO2 is assumed to be 0.5 and 
nts are equal to 3 (Fig. 2). 
Finding the maximum possible injection rate of each case is an iterative process. An initial guess is 
assigned for the injection rate of case scenario. The model is then run and the bottom-hole pressure results 
are checked. Based on the results, the injection rate is increased or decreased so that the bottom-hole 
pressure of the well in the final simulation does not exceed 90% of the fracture pressure. Several 
thousands of simulations are performed to take into account the large range of parameters. 
 
 
Figure 1: Grid preview of different number of injection wells  
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Figure 2: Relative permeability used in the simulations
3. Building the type curves
The results of the simulations are converted into several type curves which can be used to determine
the maximum injectivity of any given case. The type curves are for four different numbers of injection 
wells. In order to find the maximum injectivity of a formation, after choosing the number of injection 
wells the user selects the formation area and permeability and from the intersection goes to the final graph
to pick the curve equivalent to the multiplication of formation depth and thickness. From this curve the
total injection rate can be found. The type curves are shown in Fig. 3. For example, for a saline formation 
with an area of 1,000 km2, formation permeability of 100 mD, depth of 1600 m and thickness of 50 m 
(i.e. depth×thickness=80,000) the total injection rate is estimated to be 1 million tonnes per year using 4
wells.
4. Applications
The type curves can be used for several purposes.
4.1. Determining the required number of wells
Using the curves, one can find the required number of wells for any combination of formation 
properties and injection rate. This can be achieved by finding the maximum injectivity of the formation 
for all different number of wells. The required number of wells for any injection rate can be found from 
the curve of maximum injectivity vs. the number of wells. An example is shown in Fig 4. For this 
example, the formation area is taken to be 10,000 km2, permeability 50 mD, thickness 50 m, depth   
1,200 m and injection rate 2 million tonnes/year. The required number of wells for this case is estimated
to be 10 wells.
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Figure 3: Type curve to estimate CO2 injectivity 
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One of the limitations of the method is the maximum well number which is 64. If the required well
number exceeds 64, a best fit correlation obtained from the data of the injection rate vs. the number of 
wells (Fig. 4) by using the linear rational function regression can be used. The linear rational function is
given by 
bW
caWQ (1)
where Q is the injection rate, W is the number of wells, and a , b and c are regression parameters.
4.2. Monte Carlo analysis
In practice, most of the formation properties are uncertain especially during a preliminary assessment
where data are not sufficient. Therefore, the uncertainty of each parameter needs to be assessed. The 
graph (Fig. 3), if used in a software, can be used to run a Monte Carlo analysis on formation properties in
order to find the probability distribution of the required number of wells. Table 2 shows an example and
the distribution of number of wells is shown in Fig. 5. The injection rate is assumed to be 3 million 
tonnes/year.
P90 and P10 represent 10% and 90% in the cumulative probability distribution, respectively, and the
distributions are assumed to be lognormal.
Figure 4: Finding the required number of wells
 Ehsan Azizi et al. /  Energy Procedia  37 ( 2013 )  3259 – 3266 3265
Table 2: Ranges of reservoir parameters used in the simulations
Parameter P90 P10 Unit
Permeability 30 90 mD
Reservoir depth 1,000 1,200 m
Reservoir thickness 80 120 m
Reservoir area 10,000 15,000 km2
Knowing the probability distribution of the wells, one can perform an economic analysis  to find the
storage capacity. This is done by calculating the net present value (NPV) of the project considering all the
cost (e.g. capex and opex), the revenue (e.g. from carbon price) and their uncertainties. Whenever the
NPV is positive, the storage capacity would be injectivity times duration of injection. For negative NPV,
the storage capacity is zero. This approach is used by Allinson et al. [7] to estimate CO2 storage.
5. Conclusions
A new method has been presented to determine the injectivity of saline formations.
New type curves have been created from numerical reservoir simulations which can be used to find the
required number of wells for any combination of formation properties and total injection rate.
A Monte Carlo analysis on the required number of wells along with an economical assessment can
lead to estimation of feasible storage capacity of saline formations.
Figure 5: Probability distributions of required number of wells
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